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Abstract: H/D exchange (HDX) mass spectrometry (MS) is a widely used technique for
interrogating protein structure and dynamics. Backbone HDX is mediated by opening/closing
(unfolding/refolding) fluctuations. In traditional HDX-MS, proteins are incubated in D2O as a
function of time at constant temperature (T). There is an urgent need to complement this traditional
approach with experiments that probe proteins in a T-dependent fashion, e.g., for assessing the
stability of therapeutic antibodies. A key problem with such studies is the absence of strategies for
interpreting HDX/MS data in the context of T-dependent protein dynamics. Specifically, it has not
been possible thus far to separate T-induced changes of the chemical labeling step (kch) from
thermally enhanced protein fluctuations. Focusing on myoglobin, the current work solves this
problem by dissecting T-dependent HDX-MS profiles into contributions from kch(T), as well as
local and global protein dynamics. Experimental profiles started off with surprisingly shallow
slopes that seemed to defy the quasi-exponential kch(T) dependence. Just below the melting
temperature (Tm) the profiles showed a sharp increase. Our analysis revealed that local dynamics
dominate at low T, while global events become prevalent closer to Tm. About half of the backbone
NH sites exhibited a canonical scenario, where local opening/closing was associated with positive
H and S. Many of the remaining sites had negative H and S, thereby accounting for the
shallowness of the experimental HDX-MS profiles at low T. In summary, this work provides
practitioners with the tools to analyze proteins over a wide temperature range, paving the way
toward T-dependent high-throughput screening applications by HDX-MS.
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Native proteins undergo incessant thermal motions, from local fluctuations to global
unfolding/refolding.1,
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These dynamics reflect the fact proteins continuously explore their

conformational space. The population of each conformer depends on its free energy,2 while
interconversion rates are governed by activation barriers.3 Protein dynamics are linked to
biological function such as catalysis,4 energy conversion,5 and signaling.6 However, protein
fluctuations can also generate structures that act as gateway to cytotoxic aggregates.7, 8
Hydrogen/deuterium exchange (HDX) mass spectrometry (MS) is one of the most widely
used tools for interrogating protein dynamics.5, 8-15 HDX-MS complements other techniques such
as Förster resonance energy transfer, time-resolved X-ray diffraction, and NMR spin relaxation
studies.16 HDX-MS monitors the deuteration of backbone NH groups upon exposure to D2O. In
native proteins most of these sites are engaged in NHꞏꞏꞏOC hydrogen bonds. According to the
widely accepted Linderstrøm-Lang model (eq. 1)2,
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native state HDX is mediated by

opening/closing (unfolding/refolding) fluctuations that transiently disrupt H-bonds.

NHclosed

kop




kcl

kch

D 2O

NHopen

exchanged

(1)

Here, kop and kcl are the opening and closing rate constants, and kch is the “chemical” rate
constant.18 HDX usually proceeds in the EX2 limit (kcl >> kch),2 where each NH undergoes many
opening/closing transition before it is deuterated. The overall HDX rate constant in this case is
kHDX = Kop  kch

(2)

where Kop = kop/kcl. Hence, HDX kinetics are governed by NHopen sites, even though the population
of these sites tends to be very low (typically << 1%).2, 19, 20 Dynamic regions (larger Kop) exhibit
faster HDX, while labeling of rigid segments (smaller Kop) proceeds more slowly.
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In conventional HDX-MS a protein is incubated in D2O at constant temperature. Aliquots
sampled at various time points are subjected to proteolysis, followed by LC/MS to uncover the
deuteration percentage (%D) of individual peptides. In addition to these conventional
measurements, there is growing interest in temperature-dependent HDX-MS. The latter can
provide a more comprehensive view of protein dynamics.21-29 Of particular importance is the
characterization of thermally stressed protein drugs (such as therapeutic antibodies) to assess their
stability and aggregation propensity.15, 30, 31
It is well known that elevated temperatures tend to enhance HDX,21-29 but the origins of
this effect are non-trivial. Temperature controls HDX via two avenues. (1) The labeling chemistry
(kch in eq. 1) accelerates quasi-exponentially with temperature18 due to a combination of Arrhenius
behavior and changes in the concentration of OD- catalyst.32,

33

(2) Temperature governs the

Boltzmann populations of NHopen states,2 and it alters the protein energy landscape.34 HDX-MS
aims to uncover protein behavior (contribution 2), but unfortunately this aspect tends to be masked
by temperature-dependent changes of kch (contribution 1). Preliminary steps have been taken to
unravel this problem,20, 25, 35-37 but a comprehensive strategy for analyzing HDX-MS data as a
function of temperature (T) and time (t) is still lacking. The current work fills this void by
deconvoluting experimental HDX-MS data into the two aforementioned contributions.
Protein stability studies usually rely on a two-state approximation involving the native state
N and the unfolded state U.34 The free energy of the global N  U equilibrium is
Gglob = Hglob – T Sglob

(3)

N is stable as long as Gglob > 0. Simple analyses often assume that enthalpy (Hglob > 0) and
entropy (Sglob > 0) are constant, such that Gglob depends linearly on T.38 Heating causes Gglob to
turn negative at the melting temperature Tm, thereby triggering unfolding. A more thorough
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treatment of eq. 3 has to consider Cp, the heat capacity difference between U and N which causes
Hglob and Sglob to become T-dependent (Cp > 0)34
Hglob(T) = Hglob(Tm) + Cp  (T - Tm)

(4a)

Sglob(T) = Sglob(Tm) + Cp  ln(T/ Tm)

(4b)

where Sglob(Tm) = Hglob(Tm)/Tm.38 Eq. 4 implies that Gglob(T) is curved. As a result, proteins are
most stable at an intermediate temperature. Raising the temperature beyond Tm triggers heatinduced unfolding. Cooling causes destabilization as well; depending on the magnitude of Cp this
can cause cold-unfolding (see Figure S1 for a summary of these concepts).39-41
Eqs. 3 and 4 are key pillars of protein thermodynamics.34, 38 However, it is undisputed that
two-state N  U models do not fully capture the protein behavior, especially at ambient T where
local fluctuations dominate over global unfolding/refolding.1, 2 For addressing this deficiency and
for interpreting T-dependent HDX-MS data it is necessary to combine the Linderstrøm-Lang
model (eqs. 1, 2)2, 17 with the thermodynamic principles expressed in eqs. 3, 4.
Building on the aforementioned ideas, the current work devises a strategy for analyzing Tdependent HDX-MS data. Like many previous studies on protein thermodynamics,39 folding,42
fluctuations,1 and aggregation,43 we chose the heme protein myoglobin (Mb) as model system. Mb
has a globular native structure, where a hydrophobic core is surrounded by solvent-exposed polar
and charged residues.44 We tracked the HDX response of Mb to changes in T, and we captured the
resulting data using a comprehensive T- and t-dependent HDX data analysis framework.
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Methods
Materials. Horse-heart ferri-Mb (Sigma, St. Louis, MO) samples were centrifuged to remove
small amounts of insoluble debris. All solutions contained 50 mM sodium phosphate buffer and
100 mM NaCl at a pH meter reading adjusted to 7.2 (corresponding to pD 7.6 for D2O-based
solutions).18, 45 This value was T-independent with deviations of less than  0.1, consistent with
previous reports on the temperature stability of phosphate buffer.46

H/D Exchange Mass Spectrometry. HDX was performed by adding 50 M Mb solution in H2O
buffer to D2O labeling buffer in a 1:9 ratio, for a final protein concentration of 5 M in 90% D2O.
All measurements were performed with careful temperature control, by placing the samples in
Eppendorf tubes that were immersed in a water bath during labeling. An ice/water mix was used
for measurements at 0 C, while HDX between 23 C and 80 C was performed by employing a
heated circulating bath. Prior to initiating HDX, D2O labeling buffer was pre-equilibrated at the
desired temperature, while Mb was kept at 23 C to avoid aggregation in the stock solution. Two
types of HDX experiments were performed. (i) [variable T, constant t] was conducted by using a
deuteration time of t = 30 s. (ii) For [constant T, variable t] aliquots were removed at t = 30 s, 10
min, and 100 min. HDX was quenched by mixing with HCl, resulting in a pH meter reading of
2.4. This was followed by flash freezing and storage in N2(l). For analysis, the samples were
rapidly thawed and injected into an Acquity HDX-UPLC (Waters, Milford, MA). Digestion was
performed on an immobilized pepsin column (Thermo Fisher) at 15 C. Peptides were separated
on a 1.7 µm BEH130 C18 2.1 mm × 100 mm column using a 20 min water/acetonitrile gradient in
the presence of 0.1% formic acid at ~0 C. The sequence coverage was 98% (Figure S2). Blanks
were injected to prevent carryover. In addition, the pepsin column was washed with 1.5 M
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guanidine hydrochloride in water/acetonitrile/formic acid (95.2/4/0.8) after each digestion step.
The UPLC was coupled to a Waters Synapt G2 mass spectrometer with a lock spray dual
electrospray source. The identity of each peptide was confirmed by MSE on non-deuterated
samples with data analysis by Waters PLGS 2.5.3, based on the known Mb sequence (pdb 1wla44).
The capillary voltage and desolvation temperature were +2.8 kV and 250 °C respectively. The
centroid mass of each peptide isotope distribution was calculated using DynamX 3.0 (Waters) and
converted to percent deuteration (%D) according to %D = [(m – m0)/(m100 – m0)]  100%, where m
is the centroid m/z for the peptide of interest. m0 and m100 correspond to minimally and fully
deuterated controls, respectively. The former were prepared by adding Mb to pre-quenched D2O
buffer, followed by flash freezing. m100 samples were prepared similar to m0 samples, except that
they were incubated for 3 days at 37 C. Back-exchange levels determined from m100 samples
were (38  14)%, similar to previous reports.35, 47 All %D values are averages of three independent
replicates; error bars represent standard deviations. Circular dichroism (CD) measurements were
performed as outlined in the SI.
Elevated temperatures may cause protein aggregation48 which would complicate the
interpretation of HDX and CD experiments. Aggregation can be suppressed by working with
dilute solutions.42,

49

For the experiments of this work we therefore used a relatively low Mb

concentration (5 M), where aggregation was negligible for at least 20 min even when heated to
358 K (85 C). This assertion is based on aggregation assays on Mb that had been heated for
different t and T, followed by centrifugation and UV-Vis analyses of the supernatant.
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Results and Discussion
Spectroscopic Characterization of Global Unfolding. Heat-induced unfolding of Mb was
probed by CD spectroscopy. Spectra acquired at different T intersected at ~204 nm (Figure 1A).
This isodichroic point is consistent with a global N  U transition,39, 50 justifying the application
of eqs. 3 and 4. Thermal unfolding profiles were recorded by monitoring CD222 at different heating
rates (1 C min-1 and 4 C min-1) in both H2O and in D2O. All of the resulting CD222 profiles were
very similar, with Tm = 356.2  0.6 K and Hglob(Tm) = 453  20 kJ mol-1 (Figure 1B).
As is common practice in optical melting experiments,38 the aforementioned analysis
assumed that Cp = 0, such that Gglob depends linearly on temperature (Figure 1C, dotted line, eq.
3). Alternatively, one can perform an analysis with Cp = 8 kJ mol-1 K-1, a value determined by
differential scanning calorimetry (DSC).39, 51 This Cp value with the Tm and Hglob(Tm) noted
above corresponds to a curved Gglob profile (Figure 1C, solid line, eq. 4). Both Gglob profiles
match the experimental data equally well (Figure 1B), but the curved profile in Figure 1C is more
realistic because it takes into account the DSC-derived Cp value.39, 51 This curved Gglob profile
will serve as starting point for the analysis of T-dependent HDX-MS data.

Temperature- and Time-Dependent HDX Experiments. Figures S3A and S3B exemplify
peptide isotope distributions acquired after exposing Mb to D2O for different times at T = 296 K
(23 C). With increasing t the spectra shifted to higher m/z because of backbone deuteration. A
complementary perspective was obtained by conducting HDX in a T-dependent fashion between
273 K and 353 K, while keeping the labeling time t constant. We chose t = 30 s, which resulted in
a wide dynamic range of %D values. Mass spectra measured in this way demonstrate that
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increased T dramatically enhances the extent of deuteration (Figure S3C). In fact, the T-induced
spectral changes were much larger than those seen in the t-dependent data of Figure S3A and S3B.
T-dependent %D profiles revealed interesting differences for the various Mb regions
(Figure 2). Many of the profiles showed very shallow slopes between 273 K and ~340 K, e.g., 3040 and 111-126. These shallow slopes are surprising, considering that kch increases quasiexponentially with T.18 Several profiles had an upwards kink at 348 K. This feature is most
pronounced for 111-126, but it also affects 12-20, 21-29, 30-40, 56-69, 87-106, and 124-134. The
SI Appendix summarizes all T- and t-dependent data, including peptides not shown in Figure 2.

Developing a Temperature-Dependent HDX-MS Model. We now examine how T-dependent
changes in labeling chemistry and protein dynamics manifest themselves in the HDX behavior,
ultimately yielding a model that accounts for all the experimental data (solid line fits in Figure 2A
and in the SI Appendix). The deuteration behavior of a peptide with N non-proline residues
covering amino acids k to (k+N-1) can be described as52-54
%𝐷 𝑇, 𝑡

∑

1

exp

𝑘

,

𝑇

𝑡

(5)

where kHDX,i(T) is the HDX rate constant of NH i. Summation starts at k+2 because the first two
residues undergo complete back exchange during LC.18, 35, 55 Layer by layer, the following sections
describe a strategy to capture the behavior of kHDX,i(T) in eq. 5 (Figure 3). We were guided by the
tenets that a good model will (i) be able to quantitatively match the experimental data, (ii) be as
simple as possible, and (iii) have a minimum number of adjustable parameters.
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Layer 1: Temperature Dependence of kch. Before focusing on protein dynamics we examine the
chemical rate constant kch that governs the deuteration of NHopen (eq. 1). kch depends on T, pD, and
neighboring side chains.18, 56 Its T-dependence is often described using the Arrhenius expression18
𝑘

𝑇

𝑘

exp

𝑇

298 𝐾

(6a)

where kch_298 is a reference value for 298 K, and the effective activation energy Ea_eff is 71.1 kJ
mol-1 (Figures S4, S5).56 However, eq. 6a is only an approximation.18 The actual Ea for chemical
exchange is 12.6 kJ mol-1.18 The T-dependence of kch arises largely from changes in [OD-] as
governed by the T-dependent ionization constant KD2O = [D+][OD-],32 keeping in mind that HDX
in near-neutral solution is OD- catalyzed.33 The analyses below use the more accurate expression
𝑘

𝑇

𝑘

_

exp

𝑇

298 𝐾

𝑂𝐷

𝑇

(6b)

with the reference value kB_298 for base-catalyzed exchange (Figure S5).18 Between 0 C and ~60
C the kch(T) profiles predicted by eqs. 6a and 6b are similar. At 80 C the eq. 6a value is 34%
larger than that of eq. 6b; at higher T the differences become more pronounced (Figure S5).

Layer 2: Verifying the EX2 Regime. The interpretation of HDX-MS data requires different
approaches, depending on whether deuteration proceeds in the EX1 or in the EX2 regime.5, 8-15
EX2, defined as kcl >> kch (eq. 1), represents the most common scenario; it is associated with
unimodal isotope distribution that gradually shift to higher mass.2, 12, 19, 20 EX1 (kcl << kch) is less
common. Cooperative EX1 dynamics cause bimodal isotope distributions.12, 19, 20 The unimodal
nature of the spectra in this work confirms that HDX proceeds in the EX2 regime (Figure S3).
Skeptics might bring up an interesting issue in this context. Because kch increases with T,18 heating
might cause a transition from EX2 (kcl >> kch) at low T to EX1 (kcl << kch) at high T. However,
10

such an EX2  EX1 transition is unlikely, because kcl and kch both increase with T (Figure S6).
We conclude that eq. 2, which represents the central paradigm of the EX2 regime, represents a
reasonable foundation for analyzing the HDX behavior of Mb.
Individual NH sites exhibit single-exponential EX2 kinetics only if the NHopen population
in eq. 1 is small (kcl >> kop).2, 17 To ensure that this criterion is being met, our analysis will not
consider data beyond 353 K (80 C) where the population of U reaches ~22% (Figure S1). In the
next few paragraphs will use two peptides, 1-7 and 21-29, to illustrate the remaining layers of the
model (Figure 3).

Layer 3: Protein Dynamics at High Temperature (Close to 353 K). There is some uncertainty
regarding the exact nature of the opening/closing fluctuations in eq. 1.57, 58 As a starting point we
try to equate these fluctuations with global N  U transitions such that eq. 2 turns into
kHDX,i(T) = exp[ -Gglob(T)/RT ]  kch,i(T)

(7a)

where Gglob(T) is the free energy derived from CD melting data (Figure 1C). Figure 3A-D
compares the predictions of eq. 7a with experimental %D(T, 30 s) data for peptides 1-7 and 21-29.
We ignore, for now, the mismatch at low T and focus on higher temperatures. For peptide 1-7 the
eq. 7a prediction agrees well with experiments for T  338 K, where %D approaches 100% (Figure
3A). In contrast, peptide 21-29 shows major discrepancies at high T, with experimental %D values
that are much lower than predicted by eq. 7a (dotted line in Figure 3C).
The high-temperature mismatch in Figure 3C implies that the unfolded state in the CDdetected N  U equilibrium retains some HDX protection for peptide 21-29. This interpretation is
consistent with reports of residual structure in many other unfolded proteins,59, 60 which causes NH
sites to exchange slower than in dipeptides.55, 56, 61 In other words, HDX for peptide 21-29 must
11

involve a two-step opening process (N  Ucl  Uop), where the first step corresponds to the CDdetected Gglob(T). In the context of eq. 1, Ucl represents a “closed” (exchange-incompetent) state.
The subsequent Ucl  Uop transition generates the HDX-competent “open” state, and this opening
event is associated with an additional free energy GopU. Overall, the N  Uop equilibrium thus
has a free energy of
G*glob(T) = Gglob(T) + GopU

(7b)

(Figure 3D). For peptide 21-29, GopU = 22 kJ mol-1 generates a HDX profile that agrees quite
well with the experimental data above 348 K (solid in Figure 3C). In summary, we account for
residual protection of heat-unfolded Mb by modifying eq. 7a according to
kHDX,i(T) = exp[ -G*glob(T)/RT ]  kch,i(T)

(7c)

where G*glob(T) is defined in eq. 7b and GopU  0 represents a fitting parameter. U segments
without residual protection have GopU = 0 (such as 1-7, Figure 3B). In principle, GopU will
depend on T as expressed in eq. 4. However, GopU makes its presence felt only in a narrow range
close to Tm, such that the H and S components of GopU cannot be determined. To avoid the use
of such ill-defined parameters, we will therefore assume that GopU is T-independent.

Layer 4: Local Fluctuations. The Layer 3 considerations refer to relatively high temperatures
(around 353 K) where global unfolding/refolding starts to make its presence felt.34 At lower T
global dynamics are less prevalent, and HDX occurs mainly via local fluctuations.2, 58 Englander et
al.2 suggested that the interplay of local and global dynamics can be captured by replacing Kop in
eq. 2 with the sum Kop(local) + Kop(global). We build on this idea by expanding eq. 2 according to
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kHDX,i(T) = [ Kop_loc(T) + K*op_glob(T) ]  kch,i(T)

(8)

The equilibrium constant Kop_loc in eq. 8 describes local opening/closing fluctuations which are
associated with the free energy Gloc(T), such that Kop_loc = exp[ -Gloc(T)/RT ] with Gloc(T) =
Hloc - TSloc. To avoid “overfitting”, we make the approximation that these local events have Cp
= 0. As discussed in Layer 3, K*op_glob = exp[ -G*glob(T)/RT ] describes the N  Uop equilibrium.
Eq. 8 expresses the idea2 that any NH site can reach an open state via two types of dynamics, such
that kHDX is the sum of both kinetic channels. When putting it all together, eq. 8 turns into
kHDX,i(T) = ( exp[ -(Hloc - TSloc)/RT ] + exp[ -(Gglob(T) + GopU)/RT ] )  kch,i(T)

(9)

Fitting of the adjustable parameters (GopU, Hloc, and Sloc) results in greatly improved
agreement with the experimental %D(T, 30 s) profiles for both test peptides (Figure 3E and H).
Here we assumed that all NH sites in any given peptide share the same thermodynamic
parameters, a limitation that will be improved upon in the following section.

Layer 5: Inclusion of time-Dependent Data. For extending our model to labeling times beyond t
= 30 s we included data at t = 600 s and 6000 s at 296 K and 333 K. These temperatures were
chosen because they provided %D(T, t) values that covered a wide dynamic range. The inclusion
of these additional time points provides much more stringent constraints for the model parameters.
Layer 4 provides a poor description of the HDX data for t > 30 s (Figure 3G, J). Luckily, a
minor modification is sufficient to remedy this mismatch. So far we assumed that all NH sites in a
peptide share the same GopU, Hloc, Sloc. We now eliminate this unrealistic restriction. In
principle each NH site should have its own GopU, Hloc, and Sloc. However, such an approach
would imply an unrealistically large number of fitting parameters (~148  3 = 444), generating a
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mathematically underdetermined situation. To avoid this problem we chose a compromise where
each peptide was divided into segments. NH sites in each segment share the same GopU, Hloc,
Sloc. This segmentation concept is borrowed from the widely accepted foldon model,2 where
groups of adjacent NH sites open/close with the same thermodynamic parameters. In Figure 3 we
dissected peptides into two segments, e.g., peptide 1-7 was divided into segments 3-4 and 5-7.
Residues 1-2 were not considered because of back exchange.18, 35, 55 After this modification, eq. 9
provided excellent agreement with the experimental data for all T and t (Figures 3K/N and O/R).

Layer 6: Global Fitting. Many Mb regions were covered by overlapping peptides. Rather than fit
each peptide individually (as in Layer 5), this overlap allows the implementation of a global fitting
strategy (Note: this term refers to a data analysis method;53, 54, 62-64 it is unrelated to “global”
unfolding). Segments that are shared across multiple peptides were modeled using the same
GopU, Hloc, Sloc. Global fitting improves the robustness and accuracy of results compared to
single-curve analyses, and it reduces the number of parameters (see SI for details).53, 54, 62-64 The 22
peptides with the highest S/N were subjected to global fitting (Figure S7) by minimizing
𝑋

∑

∑ ∑ %𝐷

%𝐷

(10)

where the summation includes multiple peptides, T, and t values. %Dexp refers to experimental
data. %Dcalc values were calculated using eq. 9. Preliminary segment boundaries were first
determined by analyzing one peptide at a time. If treating a peptide as a single segment did not
yield an acceptable fit, it was divided into two, then three segments, etc. For global fitting these
preliminary boundaries had to be slightly adjusted to ensure consistency across overlapping
peptides. In the end, Mb was dissected into 44 segments, each of which had its own GopU, Hloc,
Sloc (44  3 = 132 parameters, segment boundaries are denoted as vertical lines in Figure S7).
14

Applying the Model to Experimental HDX Data. HDX-MS data for Mb acquired as a function
of T and t were analyzed using eq. 9. Gratifyingly, our model produced excellent fits for all 22
peptides, illustrated in Figure 2A for selected %D(T, 30 s) profiles. The complete data set is shown
in the SI Appendix. Fitted GopU, Hloc, Sloc parameters are compiled in Figure 4.

GopU Values. Consistent with previous observations,55, 56, 59-61 our data show that the CD-detected
globally unfolded state retains residual protection. Deuteration of Ucl is mediated by
opening/closing transitions with a free energy GopU. Most of the fitted GopU values fell in the
range of 20 to 40 kJ mol-1 (Figure 4A). The similarity of GopU across much of the protein could
suggest the occurrence of cooperative Ucl  Uop fluctuations.2 However, the presence of
independently fluctuating segments cannot be ruled out.

Hloc and Sloc Values. Before examining the remaining fitting parameters we note that N  U
equilibria can follow different thermodynamic scenarios. (i) Unfolding is often endothermic (H >
0) because energy is required to dissociate contacts within the protein that stabilize N (e.g., Hbonds). Under these conditions the enhanced conformational freedom of U usually results in S >
0.38, 39 In the context of global Mb unfolding this scenario applies for T > 303 K, where the slope
of Gglob(T) is negative (Figure 3B). (ii) N  U equilibria can also be exothermic (H < 0) with
S < 0,39, 65 as seen in Figure 3B for T < 303 K where Gglob(T) has a positive slope. The origin of
this second scenario remains poorly understood,41 but the assembly of tightly H-bonded shell
water around unfolded regions likely plays a role.66 Figures S1C and S1D illustrate both scenarios,
highlighting that there is also an intermediate regime where both H and S are close to zero.
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The aforementioned two scenarios are well established for global N  U equilibria.39, 65, 66
It is reasonable to assume that these concepts also extend to local closed  open fluctuations.
Consistent with this expectation, our HDX fits yielded positive as well as negative Hloc and Sloc
values (Figure 4B, C). Segments with Hloc > 0 and Sloc > 0 were located mostly within long
helices (such as B, G, and H), corresponding to scenario (i) described above. Conversely, most
segments with Hloc < 0 and Sloc < 0 (scenario ii) were found at helix/loop boundaries (Figure
4B, C). This spatial distribution is intriguing, but from the data presented here it cannot be decided
why these specific regions follow one scenario versus the other.

Interplay of Local and Global Dynamics. It is gratifying that eq. 9 can capture the entire HDXMS data set for different T and t (Figure 2A, SI Appendix). We will illustrate the underlying Tdependent local and global dynamics for two residues, L32 and G124 (Figure 5); these were
selected because of their particularly large |Hloc| and |Sloc| (asterisks in Figure 4B, C).
The HDX behavior of any NH site is governed by the opening/closing fluctuation with the
lowest G (the largest Kop).2 Accordingly, HDX of L32 is dominated by local fluctuations
throughout the entire T range, while global events are negligible (Figure 5A, B). As expressed in
eq. 8, multiplication of the Kop “Sum” (red line in Figure 5B) with kch (Figure 5C) yields kHDX
(Figure 5D). The resulting %D(T) profile increases toward 100% in a near-exponential fashion
(Figure 5E). This steep %D(T) rise results from three effects: 1. kHDX increases with T (Figure 5D).
2. The exp(-T-1) dependence in eq. 9 favors open conformations at high T. 3. Gloc(T) has a
negative slope (Sloc > 0) which further promotes the open state at high T (Figure 5A).
The experimental %D(T, 30 s) profiles of many Mb peptides had very shallows slopes at
low T, followed by a sudden increase close to Tm (e.g. peptide 111-126 in Figure 2A). It would be

16

impossible to model these data if all NH sites had rapidly increasing %D profiles similar to that of
Figure 5E. A look at G124 reveals how our model solves this problem. G124 has Sloc < 0,
resulting in a positive slope for Gloc that suppresses local opening with increasing T. At 343 K the
Gloc and G*glob curves intersect; beyond this temperature HDX takes place mainly via global
dynamics (Figure 5F). As a result, kHDX(T) decreases slightly between 273 K and 343 K, followed
by a sudden upward kink (Figure 5I). This behavior is echoed in the %D(T, 30 s) profile of Figure
5J as well as the experimental data of peptide 111-126 (Figure 2A).
In summary, Mb dynamics at low T are dominated by local fluctuations. For some of these
local fluctuations Gloc(T) decreases, while for others Gloc(T) increases with T. The latter account
for the very shallow slopes that were experimentally observed for many %D(T) profiles at low T.
The conspicuous kink of the experimental %D(T) data at around 343 K results from a crossover of
Gloc(T) and Gglob(T), marking the point at which global fluctuations start to dominate.

Conclusions
For the first time, the current work provides a thermodynamic model that can quantitatively
describe temperature-dependent protein HDX-MS data. For conventional time-dependent HDXMS experiments it is common to use multi-exponential fits with apparent rate constants (see SI for
more details).52 Unfortunately, that conventional approach only yields a phenomenological
description of the data, and the fitting parameters obtained are difficult to interpret in a
structural/thermodynamic context. This is in contrast to the temperature-dependent model
developed here, where the fitting parameters directly report on first-principle protein properties
(GopU, Hloc, and Sloc).
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The analysis strategy presented here captures the interplay of local fluctuations (which
dominate at low T) and global unfolding/refolding (which becomes prevalent closer to Tm). Some
of the local fluctuations are associated with Hloc > 0 and Sloc > 0, representing the canonical
scenario38, 39 where thermal energy is required to disrupt local noncovalent contacts, and where
locally unfolded segments are more disordered than in the native state. On the other hand, there are
also local events with Hloc < 0 and Sloc < 0. The structural origin of this second scenario remains
to be fully elucidated, but it may be caused by tightly H-bonded water around the locally unfolded
regions.39, 65, 66 The second scenario is indispensable for modeling the shallow slopes seen for
many of the experimental HDX profiles at low temperature. Another essential ingredient of our
model is residual HDX protection of the globally unfolded state, implying that U undergoes
transient opening transitions that are associated with GopU. This phenomenon is consistent with
studies on many other proteins.55, 56, 59-61
This work provides practitioners with a tool for analyzing HDX-MS data across a wide
range of temperatures, e.g., for assessing the thermal stability of protein therapeutics.15, 30, 31 The
key steps required for applying this method are as follows: (i) Ensure that the protein does not
aggregate in the T range of interest. (ii) Determine global unfolding parameters (Tm, Hglob(Tm),
Cp) by CD spectroscopy, DSC, or from the literature. (iii) Measure %D for overlapping peptides
over a wide temperature range and at different time points, and verify EX2 behavior. (iv) Perform
global fitting on the basis of eq. 9.
An interesting aspect of temperature-dependent HDX-MS is the dramatically shortened
time scale. Traditional room temperature assays routinely employ labeling times up to many
hours,5, 8-15 whereas the current work demonstrates that complete HDX profiles can be generated in
as little as 30 s (Figure 2A). With robotic technology it should be possible to develop temperature-

18

dependent HDX-MS workflows for high-throughput applications such as excipient screening30 or
drug candidate binding tests.11 In any case, it is hoped that the current work will encourage
practitioners to explore the use of temperature-dependent HDX-MS, instead of being confined to
traditional time-domain measurements.

Supporting Information. SI Text: Additional Methods Details (CD Spectroscopy); Discussion of
Global Fitting Strategy. Supporting Figures: Thermodynamics of protein unfolding. Peptic
digestion map. Time- and temperature dependent HDX mass spectra. kch,i values for Mb. Tdependence of kch. Transition state theory applied to opening/closing dynamics. Segment
assignment for global fitting. Temperature-dependent G profiles. SI Appendix: Complete HDX
data set with fits.
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FIGURE 1. Thermal unfolding of 5 M Mb studied by CD spectroscopy. (A) CD spectra acquired
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colored lines represent fits for two different values of Cp. (C) Free energy Gglob(T) of the N 
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FIGURE 2. (A) Deuteration percentage %D as a function of temperature T for a labeling time of t
= 30 s. The sequence range of each peptide is indicated. Pink symbols represent experimental data,
black lines are fits based on eq. 9. (B) Locations of panel A peptides in the Mb crystal structure.
The cartoon also highlights the eight -helices A-H.
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equilibrium constants, along with their sum (red lines, eq. 8). (C, H) kch,32 and kch,124, calculated
using eq. 6b. (D, I) kHDX,32 and kHDX,124, calculated as the product of “Sum” in panels B/G, and kch
in panels C/H (eq. 8). (E, J) %D for a labeling time of 30 s. Note that except for A/F, all panels
have logarithmic y-axes.
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